o o)
=
ANy
-
-
T
2

o—

¢ O oy ’4/ i

L . AERE— R-731E |

THIS DOCUMENT (S

Untll ic is published, ft may not be circulsted, abstracted or referred to outside the
organisations to which coplies have buan sent,

o

INTENDED FOR I"'UBLICATION IN THE OPEN LITERATURE. &

“J7He pEvELoPMENT!
? "OF ENHANCED HEAT TRANSFER /
- CONDENSER TUBING)

rd

Buoivs ‘T,—-.-—F‘:“ /
LENDY .
20 AUGA98) \

qog) QF _d\ |

United Kingdom Atomic Energy Authority

RESEARCH GROUP

Report | DTIC

ELECTEpm
SEP. 10 1981

E

- // jm /»’

]

‘ I/H/NEWSON T D. Z-IODGSON [

l‘/
e e T " b Ly ) A ".’."”‘“ ’/ /.;'Q:
| INCLUATA 1Y ey
] i Y ~
DL L REOUNGEEN BULL =

Chemical Engineering and

Process Technology Divisions,

%
3
3! Atomlic Energy Research Establishment,
:’

Harwell, Berkshire.

s
1973
N . o~ » ML i ,M@ )



ST SO e A T TR
Ngtcas romaiaioiasi

Tk gLy T AwAA T T by [T L
WERLT T R it M ¥ L AT

bRNAS -

A1
5y

ot

SEARC SR

hv W
k!

Sy, ‘w-.‘.‘. -
Ar PR
r

W)

P gps o
LA

QT

3 AT R Sk,
Gt ¥

PR N A R R R A PN

o 4

With Compliments

OFFICE OF NAVAL RESEARCH, BRANCH OFFICE
Box 39
Fleet Poat Office New York 09510

o e ekt




= ‘?':?’ﬁa'eéﬁ«

3
I
AERE - R 7318
“13
¥
|
: Accession Fer
£ NTIS GRARI
f { DTIC TAB :
+ ' Unannouncegq C

S ificatio

§ t
1
i ) THE DEVELOPMENT OF ENHANCED HEAT TRANSFER CONDENSER TUBING! By.

# R DiStribution/

y by Availability Code:
i i 1 Avail and/orp
k 1. H. Newson* and T. D. Hodgson® St | Special
] \
| \

{1 \ ABSTRACT
. ' Methods for manufacturing a variety of shapes of enhanced heat transfer condenser tuhing
have been developed. 32 dafferent tubes have been studied, in a vertical orientation, for
1% their overall heat transfer and pressure drop characteristics. All experiments were
conducted with atmospheric steam condensing on the outside of the tube and water in forced

; convective flow on the inside, the heated length of the tube being 45 ins. {114 cm). The

L3

: results show that on the condensing steam side coefficients up to 6 times comparable

i smooth tube values were obtained, and on the forced convective side up to 2% times. The

’ results are linked to tube shape and appropriate theoretical analyses are presented.

[
Fimum-xog‘ - ) iN&:OSE "\‘ﬁ-H.lT(:M‘ -
Retun Date
Retum 1o: British Library, Boston Spa, 4 8
Wetherby, LS23 78Q if sseest O 3
no uther bibrary indicated. Soe User's Hendbook
A * H .
*Chemical Engineering Division, ' !
g TProcess Technology Division, 7AUGB1 ﬁﬁlm@« ......... H
g U.K.A.E.A. Research Group, PP
Atonmic Energy Research Establishment, GM 80816 |
. HARWELL
: - -
July t973
i /PS

HL 73/2805(C6)




WU A Tl 2 QRSN 0 B RN AT A ara BT T S RSN o Mh S WA A 1,

CONTENTS

1. Introduction
2. Types of Enhanced Heat Transfer Condenser Tubing
3. Apparatus and Experimental Procedure
4. Theoretical Analysis - Tube Types (a), (b) and (c)
4.1 Swirl Flow Model - Tube Side Heat Transfer Analysis
4,2 Swirl Flow Model -~ Tube Side Pressure Drop Analysis
4,3 Comparison of Heat Transfer and Friction Factor Enhancement
4.4 Prediction of Condensing Side Coefficient for Vertical Profiled
Tubes
5. Experimental Results
5.1 Heat Transfer Measurements
£.,2 Pressure Drop Measurements
6. Correlation and Interpretation of Results
6.1 Heat Transfer Analysis - Water Side Results
6,2 Pressure Drop Analysis - Water Side Results
6.3 Empirical Correlation of Pressure Drop Results
6.4 Heat Transfer Analysis - Condensing Side Results
7. The Comparative Qualities of the Several Tube Types
8. Discussion
9, Conclusions '
Acknowledgements
Bibliography
Nomenclature
Appendix

TABLES

Table i Physical Dimensions of 4 Start Tubes (Types (a) and (b)) used

for Experiments

Table 2 Physical Dimensions of 8 Start Tubes (Types (c) and (d)) used

for Experiments

Table 3 Physical Dimensions of Multifluted Tubes (Types (e) and (f))

used for Experiments

Table 4 Summary of Comparative Qualities of Tubes

10
n

12
13
15
16
16
17
18

20

14




faa sy

TIRIENTT

Sctaerilrig it et s

(Res

W

i)

o

ROTN

ILLUSTRATIONS

Fig,

e
2.

3.

4.

5.

7.
8.

9,

10,

12.
13,

14,

16,
17,

18,

19,

Views of different types of enhanced heat transfer condenser tubing
Schematic representation of heat transfer apparatus

Model for Swirl Flow theory and for analysis of condensation on vertically mounted
profiled tubes

Measured overall heat transfer coefficients for some 4 start brass tubes, type (a)
Measured overall heat transfer coefficients for some 8 start copper tubes, type (c)

Measured overall heat transfer coefficients for some multifluted tubes, types (e)
and (f)

Tube side coefficients for some 4 and 8 start tubes. Values derived by Wilson plot
Tube side coefficients for some multifluted tubes. Values derived by Wilson plot

Condensing side coefficients for some 4 awl 8 start tubes. Values derived by
Wilson plot

Condensing side coefficients for some multifluted tubes, Values derived by Wilson
plot

Corrected pressure drop per unit length against velocity into tube smooth end

Typical friction factor plots for 4 start tubes shown on Figure 11.

Comparison of Swirl Flow theory heat transfer predictions with experimental results
Comparison of Swirl Flow theory friction factor predictions with experimental results

The effect of wndentation ratio d on (£ /f ) and (£ /€ )s Values of (£ /f ) at
The et /19 e /e, /s

5
I +lot of data for tubes with deepest indentation. Data at Re = 107 only
Test of empirically derived equation tor corrvelating friction factor measurements

Test of condensing =i1de heat transfer analysis, Measured values Br for 4 start
tubes - type (a)

Test of condensing side heat transfer analysis. Measured values B,. for 8 start
tubes - type (c¢)

I



the 3 Haiuh s, I e ZE R RV N S

t. Introduction

U

There is a growing interest in the use of enhanced heat transfer tubing in all forws

ﬂ of sea water evaporation plants. Most of the research effort so far appears to have been
! devoted to the development of an enhanced fluted tube suitable for use in the falling film
% mode in the multiple effect (ME) evaporator system("z). The benefits of this type of

% ; tube in reducing water costs from ME plants (as shown by design studies) is by now well

i‘i i known. The U.K.A.E.A, has over the last few years developed commercially practical methods
% ; . of manufacturing enlionced heat transfer tubing of several different types, These types are
sujtable for ME plants, as mentioned above, and also for advanced des.gns of multistage

3 i } flash (MsSF) plants,

ﬁ % This paper describes the types of enhanced condenser tubing which have been developed
§ and studied at the Harwell Research Establishment. These tubes were specifically designed
’i ; for use in advanced MSF plants, but they could also find use in the preheaters of a ME

g . train, The heat transfer and pressure drop characteristics of the several different types
{ r of tubing are presented and indicavions given of how they could be most efficiently used.

st

2.  Types of Enhanced Heat Transfer Condenser Tubing

Figure 1 shows general and cross section views of six different types of tubing which
span the range of development. All tubes shown were constructed from tubing jnitially of
i 1% ane (31,8 nm) outside diamever (0.D.). Referring to Figure 1 the several types can be
identified as follows:

-

{a) 4 start, swaged (or "roped") helical,

{(b) 4 start, positive indentation helical,

(¢) 3 start, swaged helicat,

(d) = start, longitudinal wave,

(¢ 16 starty, multifluted,

(1) 30 start, multifluted, high density fluting.

Type (a), the swaged or "roped” type of tubing is probably the best known and has been the
(‘,’"”. Type (b), while similar to type (a), was, nevertheless,
constructed in such a manner as 10 produce more positive curvatures surrounding the
indentations as shown in the cross section views., This feature is reflected in the tube
performance. Type (c), the 8 start swaged tube, is similar to type (a) but, for any chosen
angle of indentation, provides twice as many indentations per unit length of tube.

subject of previous studics

i dal it oS

ezl

The longitudinal wave tube, type (d), was developed to contrast specifically with the
tube side characteristics of the previous three types. With fluid flowing inside the
tubes, types (a), (b) and (c) tend to induce a swirling flow pattem while increasing the
heat transfer rate. Theoretical analysis of this type of flow indicated that the increased
friction loss nust always be much greater than the increased heat transfer rate, The

longitudinal wave profile therefore was designed to increase the heat transfer rate while

avoiding the swirl flom mechanism.

Types (e) and (f), the multifluted tubing, appear radically different to the foregoing

types. The method of construction differs also, and one can see that greater deformation
of the original smooth tube occurs. Because of this greater metal defomation and




especially to prevent apprecldble localised thinning of the tube wall, the helix leads H
{for definition see below) are generally longer than for the swaged type of tube. This
limitation has its effect on the heat transfer and pressure drop criaracteristics of this
type of tube.

Some relevant definitions relating to profiled tubing of the above types ar¢ ziven
helow:

Helix Lead H

Distance along tube axis taken by an indentation in tuming
through 360°

v e Helix Lead, H
Helix Ratio Hp = Tube inslde perimeter; P

Indentation depth, e
ydraulic Diameter, Dh
4 x cross sectional area, Aj

“Tube inside perimeter, P

Altogether 17 tubes of types (a) and (b), 7 tubes of types (¢) and (d) and 8 tubes of
types (e) and () were studied in the series of experiments discussed in this paper.
Tables 1, 2 and 3 give details of the important dimensions of the three groups of tubes,
The theoretical analyses presented in this paper have been applied only to tubes of types
(a), (b) and (¢). Detailed performance analysis of tubes of types (d), (e) and (f) are
not given here, and for these tubes only general perfoimance data are quoted.

i
Indentation Ratio &

L]

Hydraulic Diameter Dh

Table 1

Physical Dimensions of 4 Start Tubes
Types (a) and (1)) used for Experinents

Jue | Tune | M| UL | Idemion | e
Starts (HR) (3) { Dh)
S. 3 (a) 4 0.674 0.0775 1,122
$.12 | (a) 4 1.052 0.0487 1,160
8. 13 | (a) 4 1,750 0.0626 1.158
S. 14 | (a) 4 2.52 0.0634 1,142
S. 17 (a) 4 0.477 0.0667 1,072
S. 18 | (a) 4 0,958 0.1036 1.057
S. 19 (a) 4 1.60 0.1127 1.039
S$. 20 | (a) 4 2,55 0.1087 1,050
§. 21 (a) 4 0,210 0.0228 1,093
S. 22 | (a) 4 (.280 0.0272 1.102
S. 37 (a) 4 2.68 0.0618 1.122
S. 43 | (a) 4 0.608 0,027 1.182
S, 44 | (a) 4 0,656 0.0520 1.120
S. 46 | (a) 4 0.670 0.1140 1,000
M40 | (b) 4 2.14 0.1138 0.990
R 41 (b) 4 1.36 0.0883 1.030
R 42 | (a) 4 0.750 0.0872 1.068
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Physical Dimensions of 8 Start Tubes

(Types (c) and (d)) used for Experiments

e[ e | e | ety | wenation | e
Starts | (Hg) (0) (o)
S, 4 (¢) 8 1,00 0,0500 0,936
$. 7 (c¢) 8 0,732 0.0347 0.99%4
S.9 (¢) 8 0.677 0.0328 1.028
$. 10 (¢) 8 1,972 0.0557 1.015
S. 1t (c) 8 2,732 0,0548 1.032
S. 16 (c) 8 1.560 0.0462 1.080
S. 8 (d) 8 - 0,0707 0,988
Table 3

Physical Dimensions of Multifluted Tubes
(T,ypo.'s (es and H‘” used for Experiments

R BT bl vl Rt e
Starts (HR) (5) (Dh)
G. 6 (e) 16 2.065 0,0492 0,834
G. 30 (e) 16 1.987 0.062§ 0,934
G, 3 (e) 16 2,552 0,0895 0.919
G. 32 | (e) 16 1,356 0,0531 1,028
G. 33 | (e) 16 4,145 0,0506 0.949
G. 35 | (e) 20 2,558 0.0477 0,922
e 36 {e) 20 2,163 0.0581 0,900
G, 47 (r) 30 3.995 0.0470 0.8998

3. Apparatus and Experimesntul Procedure

The purpose of the initial experimental work presented here was 10 examine a large
number of different tube shapes, and from the results to link tube perfomance with
characteristic shape parameters. For this tube screening exercise, therefore, all experi-
ments were conducted with steam at atmospheric pressure condensing on the outside of a
vertically mounted profiled condenser tube, with water in forced convective (non-boiling)
fiow being pumped through the tube. The heated length of tube in each case was 45 ins.
(1.14 m), and the logarithmic mean temperature difference (IMTD) for the experiments was
maintained at 11°F (6.1%).

Measurements of overall heat transfer coefficient U and pressure drop AP, over the
tube length, were obtained. From the measured values of U, the condensing side coefficient

Ay

Fen S e 1
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ho and water side coefficient h1 were calculated using a more comprehensive version of the
Wilson plot tectnique(s). The theoretical analyses were aimed primarily at interpreting
and correlating the h1 and pressure drop results. The pressure drop measurements were
extended to much lower Reynolds Numbers than occurred under the heat transfer conditions
by repeating these runs under isothermal, cold flow ( 70°F, 2t°C) conditions, The experi-
mental apparatus is show schematically on Figure 2.

The enhanced tube under test was held at each end within resin blocks of non-
conducting material. The smooth sections left at each end of the enhanced tube fitted
snugly inzide "0" rings let into grooves in the resin blocks. As shown in Figure 2 the
resin blocks and tube were contained within a glass steam jacket which was fed with steam
taken from the mains supply., Deflecting baffles were placed to prevent direct impingement
of the steam on the tube under test, as this would have gernerated spurious heat transfer
results, The condensate forming on the tube was collected in a cup cast into the resin
block at the bottom of the tube, and its rate of flow was periodically measured to obtain
a heat balance, The heat balances usually showed heat losses of about 5 to 108, The steam
pressure in the jacket was kept a few cms water gauge above atmospheric pressure, This
ensured a steady vented flow of steam to atmosphere to avoid accumulation of non-condensible
gases, The saturated steam temperature, Tv’ used for calculations was computed from the
steam manometer and absolute pressure, Great care was taken, by means of an established
tube cleaning and wetting sequence, to avoid the occurrence of unpredictable dropwise
condensation on the tube.

The water circuit was a closed recirculating system around which demineralised water
was pumped, the rate of water flow through the tube being determined by direct weighing
over a timed interval. Just before entry to the test section the wate; flowed through a
2 ft (0,61 m) length of tube of the same profile as that under test. Pressuve drop
measurements were made by means of pressure tappings let into the resin secticus, see
Figure 2, and recorded on a vertical water manometer, The pressure drop measurvd was that
over the 45 in. (1.14 m) length of profiled tube section, plus two lengths of smooth tubing
left at either end of the tube for sealing, plus two short lengths of smoothly bored resin
blocks. A procedure was adopted which effectively subtracted the contribution of the end
pieces leaving only the pressure drop over the profiled section.

Accurate detemmination of the important tube dimensions is vital for meaningful inter-
pretation of each tube's performance. The important dimensions are the helix lead, the
cross sectional area for flow, the inside and outside perimeters and the average wall
thickness,

The cross section area for flow was found by detemining the weight of water to fill
the profiled length of tube. Perimeters were found by measurement fram photographs
{magnified five times) of samples of profiled cross sections, Typical photographs of
croes sections are shown on Figure t. The average wall thickness was found from vol.ume
displacement of water and the average of outside and inside perimcters. The depth of
profile indentation was determined by micrameter measurements on the tube itself., The
1esults of this type of tube characterisation are included in Tables 1, 2 and 3,
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4, Theoretical Analysis - Tube Types (a), (b) and (c)

The heat transfer and pressure drop obtained during water flow in the profiled tubes
is analysed in terms of a $wirl Flow theory. This theory attempts to predict the increase
of heat transfer rate and friction factor over smooth tube values for the same operating
conditions. A simple model haus also been derived to predict the condensing side
coefficient on the vertical roped and indented surfaces.

4,1 Swirl Flow Model - Tube Side Heat Transfer Analysis

The model assumes that the fluid flowing within the tube follows exactly the
spiral path of the indentations which are assumed to lie at an angle © (see Figure 3)
to the axis of the tube. (The criteria to make the fluid swirl are not considered
here.) Details of the analysis are given in the Appendix. The analysis makes use of
the Dittus - :melter( 6) equation for the tube side heat transfer coefficient, hg, in

a smooth tube

0.8
h D N D )
s & _ §_ 8 0.4
— = es( m Pr (1)

and gives for hr in the profiled tube

r

o

(2)

=y
i
/™
+
\—-/.o
>
i
™ |_,m

provided the profiling does not significantly change the hydraulic diameter of the
; smooth tube (the coefficients h, and h_ only vary as D'O'z).

2
%
3
:
‘3;
1
i
f
:
3
§

The analysis relates the heat transfer ratio (hx/hs) simply to the helix ratio

“R j.c. to the angle of the indentation,

4.2 Swirl Flow Model - Tube Side Pressure Drop Analysis

The analysis of the tube side pressure drop in the profiled tube APr is based on

analogy with the well kn(mn”) equatiun for the pressure drop, AP s in a smooth tube,
3 . given by

2

P H \Yj .

3 - L s

by =819 2g (3)

:
Details of the swirl flow analysis are given in the Appendix. The analysis
: expresses the friction factor ratio (f./fs) between profiled and smooth tubes in terms

of the helix ratjo H

. R
A
f 1.38
4 -'—,‘-‘ = (! + —Li (4)
S H
R

4.3 Comparison of Heat Transfer and Friction Factor Enhancement

o s

Equations (2) and (4) express the magnitludes of the increases to be expected in
the heat transfer coeffiilents and friction factors as a result of profiling. If the

o o

analogy between heat and momentum transfer were to hold, an increase in heat transfer
é, would be matched by an equivalent increase in friction factor. In fact equations (2)
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{ and (4) indicate that this analogy cannot be expected to hold for this type of tubing.
;’ Thug, s the helix ratio decreases, the friction factor ratio increases faster than

E the heat transfer ratio.

!

It is convenient to define a Perfurmance Ratio, ¥, where

b/ 1 i

Y = = £
‘;_ W TG m % G md

The performance ratio clearly decreases as the helix ratio increases., For a
value of HR = 1, which is about the middle of the range of practical interest,
¥ = 0.5, The value of ¥ is equal to ! only for the smooth tube case, and one might
infer therefore that the smooth tube is always more "efficient" than a profiled one.
However it can still be worthwhile to use a profiled tube instead of a smooth one,
since the economic case depends on several other criteria besides the abave.

4.4 Prediction of Condensing Side Coefficient for Vertical Profiled Tubes

The model on which the condensing side analysis is based assumes that the
indentations on the outside of the tube effectively reduce the drainage height for the
condensate film to the distance (1) between successive indentations ( see Figure 3).
This follows from assuming that c¢ach indentation holds, by means of surface tension
forces, all the condensate that draina into it, and prevents the contimuous build-up
of the condensate film over the whole length of the vertical tube., The drainage is
therefore mostly carried by the indentations. The model further assumes thar, because
of the thickness of the condensate layer in these indentations, the area of the
indentations plays no part in the actual condensation process, Hence, because of the
reduced drainage height, the average film thickness between successive indendations
is decreased and the overall condensing coefficient is increased over smooth tube

values,

Note that surface tension acts to channel condensate drainage in the above model
and therefore the model is applicable only to tubes in the groups (a), (b) and {c} of
Figure 1, For tubes of types (e) and () surface tension forces on the particular
tube shapes act to increase drainage and by this means enhance the condensing side
coefficient.

The profiled tube condensing coefficient h(’) is derived by analogy with the

N\uselt(e) equation for the average condensing coefficient h o over a length L of
vertically disposed smooth tube with zero film thickness at the top. This equation

is
1/
2..3 A 3
- FOr-0 _..8]
ho_o.szs[u T (5)
Ag]'/:i
or h, = 0,925} K =

where K represents the contribution of the physical properties of the condensed
fluid,
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Details of the derivation of h(’) are given in the Appendix but the analysis yields
¥

"6_(}1~Nb><n ’:._.)4 (6)
R, CNH H/N =D

where the profiled (h é) ani smooth tube (ho) average condensing coefficients are
compared for assumed identical temperature driving force conditions AT o

Equation (6) expresses the enhancement of the condensing side coefficient to he
expected with the profiled tube in terms of the tube profile geometry (see Figure 3).
Once the length of vertical tube, L, has been fixed for experimental purposes, values
of the enhancement can be calculated from equation (6) by assigning typical values of
helix lead H, number of starts N and width of groove b. With typical values of L and
b taken as 45 in. (1.14 m) and 0,1 in. (2,54 mm) respectively, and with helix lead as
a variable, calculations show that. the maximum enhancement possible is about 3. This
occurs at a helix lead of about 1.2 in. (30,5 mm) for the 4 start tubes and 2.4 in,
(6t mm) for the B8 start tubes.

5. Experimental Results
The experimental measurements are presented under scparate headings of heat transfer

ardd pressure drop,

5.1 Heat Transfer Measurements

Figures 4, 5 and 6 show, for selected tubes, values of measured overall heat
transfer coefficients UO (based on the tube outer surface area Ao) plotted against the
water velocity VS into the tube smooth end. Curves of smooth tube performance are
also shown for comparison, und on the above basis compurison is made between smooth
and profiled tabes handling the same mass flow of fluid. The average water side
tegperature was about 20001-‘ (93°C) for all experiments and the logarithmic mean
Laperature difference (IMID) was about HOF (GOC). The plots show that for the 4 and
8 start type of swared wbe the helix ratio HR provides the dominant effect upon the
value ('0, which increases with decreasing values of "R'

From curves such as on Figures 4, 5 and 6 the values of the condensing steam side
coefficient h0 and water side coef ’icient h1 were derived using the Wilson plot
technique as outlined below, The overall heat transfer coefficient U0 is related to
the individual coefficients by the well known equation

-!..—»-l._.;iv.!:gq..‘—.:g (7)
- .
Uo Mo KeAy M A

where subscripts o and i refer to tube outer and inner surfaces respectively. The
water side torced convective coefficient hi can be expressed using a recent

corre]auon(g). For smooth tubes

h D

1 0.795
= = ¢ Re PrY (8)

where the «yponent y on the Prandil Number Pr (= %’-‘) 1s given by

v o= 0,495 - 90,0025 1n Pr



For a smooth tube the value € = 0.0225, Combining all the physical property
terms in equation (8) into a single tem & we have the analogous equation for the
profiled tube

h =8rQV (9)

The condensing side coefficient h o an be expressed as in equation (5), based on
Nusselt's derivation

i/
2.5 A\/3 y
Ak 0 3

It is assumed that this equation is valid for the 4 and 8 start swaged tubes
since condensation should be more nearly laminar because of the greatly reduced
drainage lengths. {3 is a constant depending on the tube profile and for a smooth
tube is, theoretically, equal to 0,925,

Substituting for h i and h o equation (7) becomes

73

1 :
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v=%+ex §

Hence a plot of Y and X should give a straight line of slope-le and intercept ﬁ The },‘,

Lo

individual coefficients b1 and h o CAN then be calculated from equations (8) and (10)
respectively. The above form of the Wilson plot takes account of the variation of the
condensing side coefficient "o with heat flux Q, which ror these experiments was
effectively determined by the water side velocity V.

s Bty

For each tube the measured set of data points Y and X was fitted with a best
straight line assuming a regression of the heut transfer temm Y on the “velocity"
temm X. Good straight lines were obtained for each set of data points, thus
Justifying the assumptions inherent in the above derivations. For the smooth tube,
values of e’ and  were obtained for both brass and copper tubes, These values were
respectively, 0,0226, 1,230 and 0,0226, 1.452, These way be compared with the
establ ished values 0,07 S and 0,925. The condensing coefficient value as = (0,925 was
derived by Nusselt for laminar flow cunditions, 1Tt is well known that under
turbulent film flow with waves forming on the condensate film, as was observed here,
values in excess of 0,925 will occur. For example, an analysis by Dukler“o)
allowing for the effect of turbulence, but not wave flow, gave 55 = 1,42 for
condensate loadings comparable to those in this work.

Figures 7 to 10 show values of hi and ho derived from the above analysis for
some of the 4 and 8 start swaged tubes and the multifluted tubes. The intercept of
the Wilson plot yiel 2d a value 61' for each of the swaged tubes equivalent to the
theoretical value ﬁs = 0,925 (or the practically determined averaged value § s = 1.34)
for the smooth tube. Tihis experimental value § p can be compared to an appropriate
theoretical value which can be derived for the swaged type of tube by an analysis
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such as is outlined in the Appendix. This theoretical value Br‘, appropriate to the
constant in the Wilson plot, is

/3
B* = 0.925 (————-—-ﬁ m)(—%‘) (12)

5.2 Pressure Drop Measurements

The friction factor f p was calculated from the corrected pressure loss

~

v
T (13)

clr-

where V is the true axial velocity in the profiled section and Dh the true hydraulic
diameter. Test runs with the smooth tube showed the expected relationship between r‘
and the Reynolds Number Re = pVDJu. The smooth tube data were best represented by the
Drew( ") equation plus ¥ for the particular roughness of the commercial smooth brass

and copper tubes used. Thus the fitted equation for the smooth tube is

£, = 0.00072 + 0,0648 Re 032 (14)

Figure 11 shows typical plots, on logarithmic axes, of the profiled tube pressure
drop E.P" agninst the water velocity \Is into the tube smooth end for a series of 4
start tubes of varying helix ratio. Note the increase of the slope of the lines from
1.78 to 2,02 as the helix ratio decreages. The slope of 2,02 indicates that the
friction factor is independent of the Reynolds Number and, by analogy with amooth tube
flow characteristics, that the flow is here fully turbulent.

Figure 12 shows typical plots of the profiled tube friction factor (‘r against the
Reynolds Number Re for the same tubes as are represented on Figure 11, These plots
e extended to lower Re values as a result of isothemmal experiments under cold flow,
U F (BUOC). comditions. One can see by comparison of Figures 11 and 12 that the
ratios (.‘SP'/APS) are greater than the ratios (f‘/i‘s). For example, for tube $,3 at a
velocity V_ of 5 ft/sec the ratio (AP/APS) is 4,25, while the equivalent ratio
(("/rs) 1s only about 3,3, Thi= 15 because the pressure drop plots, Figure tit,
include pressure losses due to the reduced cross sectional area for flow and reduced
hydraulic diamerer of the profiled wubes compared to the original smooth tube, The
friction factors were computed using the true values V and D" of the profiled tubes,
Thus any increase of f o over I‘S is unequivocally due to the modification of the fluid
flow characteristics by the profile shape, and analysis can proceed on this assumption.

Correlation and Interpretation of Results

The experimental data obtained is analysed in tetws of the theoretical treatment out-

lined in section 4, The analyses are performed only for tubes of types (a), (b) and (c),

the helically indented variety.

6.1 Heat Transfer Analysis - Water Side Results

The Swirl Flon model for predicting water side forced convective coefficients
leads to equation (2)

o Afed
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Values of e have been experimentally determincd, as outlined in secuon 5, and
Figure 13 shows the ratio (s/s ) plotted against the quantity (1 + I/HR ) on log-log
axes. Data for the 4 and 8 start swaged tubes, types (a), (b) and {c), are shown on
this plot. The theoretical line at a slope of 0.4 is also drawn and one can see
reasonable agreement between the experimental values (¢ '/ ss) and the theoretical
prediction. Only in the case of the 4 start tubes S.21 and §.,22 is there serjous
disagreement between theory and experimental measurement. 'These tubes have the
shortest helix ratios, 0.210 and 0,280 respectively (see Table 1) of all the 4 and 8
start tubes in the series,

The Swirl Flow model assumes that the water flows along the helical path of the
indentations., Clearly, however, as the helix ratio decreases the indentations become
increasingly nommal to the axis of the tube appearing more as a roughness to the fluid
flowing, and there must come a point at which the flow tends to spill over the inden-
tations rather than follow them. From the experimental data on Figure 13 it seems a
plausible asgumptlon that for values of helix ration "R less than ubout O.4, i.e.
values of (1 + I/HR ) greater than about 7, the flow no longer follows the indenta-
tions, but substantially apills over them. Certainly the swirl flow model becomes
inapplicable for predicting the forced convective heat transfer coefficient at helix
ratios less than about 0.4 and, pending further evidence, this should be recognised
as a limit, It is vital, therefore, at the ocutset to detemine whether a tube shape
has the characteristics of a swirl inducer or a roughness, Note that the data points
for the 8 start tubes fall very near the theoretical line and show good agreement with
theory., This indicates that the number of starts is of no consequence as long as the
swirling mechanjsm is generated.

There seems also to be an effect, though a secondary one, due to the tube inden-
tation. The theory takes no accound of indentation, assuming that as long as the
fluid swirls along the path of the ind ntatjon its size is immaterial. This effect
may be seen on Figure 13 by reference to the data points for tubes $.43, S.44, §.3 and
§.46, all of which have approximately the same helix ratio of about 0.65. The ratio
(el/es) increases from about 1.6 for tube S.43 to about 2,0 for tube S.16 while the
indentation ratio increases by a factor of 4 fram 0,027 to 0,114, The effect is
brought out more clearly in Figure 15, which shows that only for the largest indenta-
tion, tube §,46, is the ratio (el/es) significantly affected.

6.2 Pressure Drop Analysis - Water Side Results

The derivations of the Swirl Flow theory yield equation (4) for the friction
factor correlation

1.38
f
r 1
?; ::(l +—-—2> (4)
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Figure 14 shows the ratio (f / fs) plotted against (1 + I/HR2). Values of the ordinate
were read off from plots such as Figure 12 at a single value of Reynolds Number (Re)
equal to 105, since it was found that Re itself was a parameter.

Even though restricted to one value of Re the agreement between theory and
experiment is not very good. At values of abscissa less than about 2, (HR > 1), the
experimental points are up to !5% less than the predicted values. As the heli;;c ratio
decreases further, the experimental points fall away to a greater extent from the
theoretical line until, at the smallest values of HR’ i.e, largest abscissa values,
the experimental points for tubes S$.21 and §.22 indicate little relevance to the
Swirl Flow model. This increasing divergence from the model with decreasing helix
ratio HR suggests the flow within the tube spills more and more over the indentations
as HR is reduced, With tubes $.21 and S,22 the flow is probably completely normal to
the indentations with very little swirl component.

The results on Figure 14 also indicate a strong effect of indentation on the
ratio ”x/fs)’ a factor absent from the theory, which contributes to the apparent
spread of data points, The effvrct of indentation is shown on Figure 15 where the
ratios (f'/fs) for wubes 8,43, S.44, §.3, S.48 and S.9 gre plotted against the inden-~
tation ratio &. The plot shows, at this Re value of 10, that the ratio (f/fs) is
proportional to o to the 0,45 power, The above five tubes all have helix ratios of
about 0,65, see Table 1. The inclusion of tube 8.9, 8 start, among the 4 start tubes
imdicates that there is no significant difference between 4 and 8 start tube geometyy.

Further insight into the nature of this effect of indentation can be gained from
cons idering the U"/i‘s) ratios for the four tubes § 20, S.19, 8,18 and S.46, as shown
on Figure 16, These tubes cach have an indentation ratio of O.11, i.e. the deepest
indeatation of all the wubes tested. The data points lie on a straight line of slope
1w the theoretical one, and, for these tubes alone, the agreement with theory is
much more reasonable than for all the tubes shown on Figure 14. A plausible assump-
tion therefore is that the effect of indentation is smmply one of directing the fluid
flow tnto g more truly swirling path as the indentation increases.,

6.3 Empirical Correlation of Pressure Drop Results

The experimental data thus shows that the ratio ”x/fs) is a function of the
helix ratio "R' the indentation ratio 6 and the Reynolds Number Re, Therefore, from
a purely practical viewpoint, an empirical equation relating (f"/fs) to these
variables should be useful. The data points to be fitted by an empirical equation
were gathered as follows.

From plots such as Figure 12 valucs of the ratio ”x/fs) were read for each tube
at five parametric values of Re. These values were Re = l04, 3.!04, 6.104, IOS,
3.105 and umply a "smoothing" of the individual data points on the original plots of
tr vs Re. ALl the 8 start tubes were included in this process, and all the 4 start
tubes with the exception of tubes $.21 and S,22, These two tubes were judged, from
the previous analysis of heat transfer and pressure drop results, to have mechanisms
quite different to the other | start tubes and so will be analysed separately,
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Several forms of empirical expression were tested, the most successful being

f X
L 21 4 6.0647 mmmSaeme (15)
f 1.815

8 HR

where the index x is a function of Re given by

x = 0,7384 - 0,1948 , :o"G(Re)

A test of the goodness of fit of equation (15) abave can be seen on Figure 17 where

the experimentally measured values of the ratio Ux/fs) are compared with the values
predicted by equation (158). The "data points" for the different values of Re are
identified by different symbols, though it should be remembered that these are smoothed
data points as explained above., Figure 17 shows that the empirical expression
embraces all but 4 of the 105 points wihin a spread of * 14%, though the parametric
effect of Re is still apparent, The r:sults for tubes $.46 and S.17 show the greatest
effect of Re. These wubes have the shortest helix ratio and indentation ratio, which
combination gives rise to the largest values of (f/fs).

A slightly more convenient form of equation which can be fitted 1s
f

-r-‘3=| + 3.656 Re
8 H

JU3718 ,)().(3872

'.8'5
R

(16)

This empirical equatjon does not fit the data quite as well as equation (15) since now
all but 10 of the 105 points are embraced within a spread of 1 14%,

Empirical equations (15) and (16) can therefore be applied within the following
range of parameters:

Reynolds Number, Re, 10" to 3108
Indentation Ratjo, O, 0.02 to 0,12
Helix Ratio, H_, Ue4 o 3,0,

6.4 Heat Transfer Analysis - Condensing Side Results

The theoretical analysis outlined in sectjon 4 indicates that, for the particular
conditions of the assumed model, the swaged tubes could provide condensing side
coefficients up to about three times that of a smooth tube., This follows if the same
temperature driving force, ATO, 1s maintained across the condensing films, for both
smooth and swaged tube experiments. In practice this is almost impossible to arrange,
and a test of the theoretical derivations is best achieved by comparing the experi-
mentally determined constant Br for each tube with the theoretical value Br* given by
equation (12).

Figures 18 and 19 show the results of such a comparison for the 4 and 8 start
tubes respectively. The experimental values for the 4 start tubes form a curve when
plotted against helix lead which is very similar to the theoretical one (equation (12))
shown dotted. At longer heiix leads (> about 100 mm) agreement between theory and
experiment is good. At the shortest helix leads of 1% to 2 ins. (38 to 51 mm) the
measured value Br falls steeply as predicted by the theory, though not at the
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predicted abscissa values. The reason for this disagreement is undoubtedly because of
the flooding which is seen to occur in practice. At the low helix leads the drainage

channels appear more normal to the vertical drainage direction and the surface tension
forces are unable to prevent the condensate from spilling over the indentations. At
these low helix leads therefore the condensate drains almost as on a amooth tube.

The measured values Br can be seen to be tending towards the measured value 1.3 for a
smooth tube. The spread of some of the data points is inherent in the use of the
Wilson plot for detemination of Br' The fuller interpretation of Figure 18 requires
prediction of the onset of flooding on a vertically disposed tube of the "roped"
variety.

The results on Figure 19 for the 8 start tubes show a maximum as predicted by the
theory. However measured Br values for the three tubes with helix leads greater than
about 4 ind. (100 nm) are considerably higher than the theoretical prediction. A
possible cxplanation for this could be that forces in addition to gravity are causing
condensate drainage, while jt is only gravitational forces which are considered by the
theory. The 8 start tubes have twice as many drainage flats as the 4 start tubes, and
hence thinner liquid films on them. These "flats" are slightly convex, and at the
Junction with the concave indentation surface tension forces could exist to cause
draynage,

7. The Comparative Quulities of the Several Tube Types

As mentioned 1n section 2 detailed analysis of the heat transfer and pressure drop
performance of the multifluted tubes, types (e) and (f), is beyond the scope of this paper.
Yet their tube side and condensing side performance data, see Figures 8 and 10, show most
tnteresting characteristicsy the comparatively high condensing side coefficients being
particul 1y worthy of note. The important question is to decide how, in economic tenns:
the di erent types of tube comparc. The complete answer to this question can only be
provided by comprehensive plant design studies, but a simple comparison can be made for the
purposes of this paper as outlined below,

Rativs of the enhanced tube to >mooth tube pressure drop (AP!/APS), overall heat
trars=fer coefficient (l’l/ts). and tube side heat transfer coefficient (hl/hs) ‘can be
obturned for each of the enhanced tubes from plots such as Figures 4, 7 and 11. This has
been done for each of the tubes itn the 3 start helically indented series (type (c)), the
multifiuted tubes (types (e) and (£)) and a selection of the 4 start tubes ( types (a) and
{b)}. The comparison has been made at one value of water flow into the tube smooth end,
5 fi/sec, so that all tubes being campared are handling the same mass flow of fluid. The
numerical values are shown in Table 4.

Ideally one would look for a large value of the overall heat transfer coefficient
ratio (Lr/l:) = U and a comparatively small value of the pressure drop ratio (AP/APS) = P,
The ratio of these two quantities, defined as an Overall Performance Ratio (OPR) = ﬁ/ﬁ, is
of significance, and one would be hoping for values in the region of 1. Another signifi-
cant criterion is the fube Side Performance Ratio (TPR) = h/P, where h = (t\/txs). Table 4
shows that the consistently largest values of OPR are obtained for the multifluted type of
tube, these values being on dverage about u.4Y., The 8 start (type (¢)) and 4 start
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helically indented tubing (types (a) and (b)) have average values of about 0.7 and 0.5

. respectively. DMote also that in most cases the TPR values are less than the OPR values.
' For this situation this implies that, of the total enhancement for a tube, a greater

: proportion is being obtained by the enhancement on the condensing side than on the tube
' side.

Table 4

Summary of Comparative Qualities of Tubes

All figures quoted assume water at 5 ft/sec
(1.52 m/sec) flowing into tube smooth end

"i Pressure Overall Overall Tube Side | Tube Side
3 Drop Ratio Coefficient | Performance j Coefficient | Performance
. Tube Tube P AP Ratio Ratio Ratio Ratio
i Number | Type | 3 r U h -
f P a i1 r G h T h
: E; U='[T ( OPR) =-6 h""'yT ( TPR) =3
g s s
: $.3 (a) 4.5 1,690 0.372 1,788 0.3%
$.12 | (a) 2,00 1.456 0,728 1.357 0,678
' 5.13 {a) 1.50 1.541 1,027 1,203 0,802
S.14 (a) 1.318 1.544 1.M 1.116 0.847
.17 } (a) 6,970 1.988 0,285 2,212 0,317
RMA1 {b) 2.273 1.758 0,772 1,232 0,542
8043 (a) 20(»5 ‘ 0599 0.68“ ‘ 0556 Oo 76‘
S$.44 | (a) 3.485 1.554 0.446 1,659 0.476
S.46 | (a) 7.227 1,904 0,264 2.476 0,313
S.4 (c) 3.088 1.821 0,590 1.472 0.477
S.7 (c) 4,382 2,023 0,462 1,902 0,434
$.9 (c) 3,759 1,908 0,335 1.675 0AT1
$.10 | (o) 1.794 1,702 0,949 1,258 0.701
8.1 (c) 1.66 1,607 0.968 1.193 0.8
8.16 (c) 1.787 1.568 0.876 1.264 U, 707
s.8 (d 5.97 2,109 0,353 2,129 0,357
G.8 (e) 2,103 1.708 0,855 1.315 0,625
G.30 | (e) 2.152 1.926 0,895 1,466 0,681
G.3 (e) 1,909 1.868 0,978 1.338 0.7
G.32 (e) 2.515 2,036 0,800 1.659 0,766
G.33 | (e) 1.742 1.904 1,091 1.228 0.705
G.35 | (r) 2,030 1.846 0,909 1.370 0,675
G.3 | () 2.030 1.736 0,855 1,337 0.659
G.47 () 1.470 1.609 1.094 1.190 0.586

The above comparisons have been made under the very restricted range of parameters
covered in these experiments and this must be borne in mind. But the main inference to be
noted from Table 4 is that the multifluted type of tube is inherently capable, in this
vertical orientation, and within the limits of the experiment, of providing overall
enhancaments equivalent to those of the helically swaged and indented tubing but with a
smaller pressure drop penalty. Since mamnufacturing costs will not differ appreciably
between these types of tubing the multifluted type, at least within the restricted field
noted above, is to be preferred. The multifluted type of tube because of its longer lead
construction achieves most of its total enhancement on the condensing side, practically
free of energy loss penalty, with a much smaller enhancement (see Figures 8 and 10), and
hence small pressure loss penalty. on the tube side. The helically swaged and indented
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tubes, by éontrasr., obtain a larger proportion of their total enhancement on the tube side
and this, of necessity, attracts a larger pressure drop penalty.

The data presented in this paper may be used to assess the performance of these
enhanced tubes in the horizontal mode. Clearly, values of the inside coefficient will
apply even if the tubes are in the horizontal mode, The condensing side coefficient can
hardly be expected to show any increase over smooth tube values, however, since in a
horizontal tube bundle the condensate drainage from one row of tubes to the next would
destroy the delicate surface tension mechanisms responsible for enhancement. Yet, because
horizontal drainage lengths are short, being only half a tube circumference, condensing
side coefficients would be higher than for vertical smooth tubes, Therefore enhanced
horizontal tubes could probably achieve overall coefficients as good as vertical multi-
fluted tubes, say, whose major enhancement is on the condensing side. Enhanced condenser
tubes in the horizontal mode therefore would derive all their enhancement from the increase
in the tube side coefficient. For this reason horizontally disposed tubes would need to be
of types (a), (b) or (c) and would therefore incur the comparatively high pressure drop
penalty referred to above.

8. Discussion

The important inferences to be made from the foregoing studies relate to the use of
the tubes in designs of advanced MSF plants or as preheaters in a ME train. The results
of design studies utilising enhanced tubing in advanced MSF designe will be published at a
later date, but this section discusses the varicus design philosophies which could embody
enhanced condenser tubing,

There are previous published proposals‘ 12,13) for utilising enhanced wubes in the
norizontal mode in advanced MSF plants, Though details are scarce these tubes seem to he
of the "ioped” variety with helix ratios less than about 0.5, Here the enhanced performance
of the 'ubes must stem almost completely from enhancement of the farced convective coeffi-
vient on the wbe side, and uus implies the pressure drop penalty referred to above,
However 1n moving from a smooth tube to enhanced tube design there is scope for using a
faiger diamecer enhanced tube, since, because of the increased heat transfer rate, the
rat1o ot tube curface area to cross s ctional area for flow can be reduced, By this mean-
the enhanced tube design could have a pressure drop slightly leas than the equivalent
smooth tube design us well as achieve a saving in overall tube costs. When using enhanced
condenser tubes to replace smooth ones there will usually be this opportunity to use a
larger diameter tube and so aveid the pressure drop penalty.

Condenser tubes can also be used as vertically disposed bundles in MSF plants. Early
designs, e.g. reference 14, employed vertical tube bundles for geametrical convenience
with the amall sizes of plant that were then being built. Subsequent larger plants, from
500,000 gal/d upwards, found the horizontal disposition more convenient. However even at
s1zes in the 5.!06 gal/d range vertically disposed tubes can be used to advantage, Here
the multifluted type of tube, types (e) and (), is preferred to the other types, The
wbe profile produces such high condensing side coefficients that the main disadvantage of
vertical tubes 1s circumvented. The pressure drop increase with this type of tube is
generally less than for types (a), (b) and {(¢). In the opinion of the authors vertically
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mounted tubes of the multifluted type would show greater advantages in MSF plant than
horizentally mounted tubes of the "roped" type. For this vertical tube design some
redisposition of the flash boxes can, with advantage, be vmployed. At the previous
desalination conference in Dubrovnik, 1970, Tokmantsev et al.('s) described an MSF plant
deaign using vertical enhanced tube bundles, though no details of tube shape were given,

The abeve comments aigo apply to the feed preheater stages of the ME system which are
effectively elements of an M3F train, In addition small sizes of vapour ccmpression ME
plants, less than say 100,000 gal/day, could well ise the multifluted type of tube, whether
in upflow or domflow, The high condensing side coveflicients are ideally sujted to the
evaporating side performance. ’

9, Conclusions

1. Several different types of profiled condenser tube shapes with enhanced heat transfer
qualities have been described,

2. A theoretical analysis of the heat transfer and pressure drop performance of the
forced convective flow on the tube side and of condensing steam side is presented. This
analysis is limited, for this paper, to one of the busic shapes described. All tubes are
considered to be vertically orientated. .

3.  The analysis shows that both tube side and condensing steam side coefficients should
be increased by up to 2% to 3 times smooth tube values under practical operating conditions.

4. Experiments at atmospheric conditions with 4 ft lengths of vertical profiled tubing
showed that the tube side heat transfer performance was predicted fairly well by the
analysis, the Swirl Flow Theory. The prediction of the tube side pressure drop was not so
successful, Prediction of pressure drop is complicated hy the effect of tube indentation
which Ls not taken into account by the theory.

5. The simple theory for predicting condensing side heat transfer rates was only
successful over a short range of the tube parameters. It is clear that complex phenomena
such as condensate floodinz over the indentations, and the influence of curved condensate
surfaces upon drainage forces need to be considered.

6. Simple comparisons of the different tube types indicate that the mult:fluted type of
tubce should be superior to the other types for condenser duty in the vertical orientation.
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Nomenclature

Ai Cross sectional area for flow inside tube

Ao’ Aw Surface area for heat transfer respectively of tube outer surface and at mean mn
diameter

b Width of grooves on outer surface of profiled tube

c Specific heat of fluid flowing inside tube

Ds, Dh Tube side hydraulic diameters of smooth and profiled tubes respectively

e Depth of indentation on tube

t’, (’r Friction factors for smooth and profiled tubes respectively, see equations A.(8)
and A.(10)

8 Gravitational acceleration

H Helix lead, defined in section 2

"R Helix ratio, defined in section 2

h1 Tube side heat transfer coefticient

h g? hr Tube side coefficients for smooth and profiled tubes respectively

ho' h") Outside condensing coefficients for smooth and profiled tubes

X Thermal conductivity of fluid

1 Reduced drainage length between indentations, see Figure 3

L Total length of vertical tube

N Number of starts or indentations round tube circumference

Pl’ Po Inside and outside perimeters of profiled tube

Q Heat transferred per unit area of surface

Tv’ Tw Temperature of condensing steam and tube outer surface respectively

U Overall heat transfer coefficient

U A Overall heat transfer coefficient based on tube outer surface area

Vs, V  Average axjal water velocity in smooth and profiled tules respectively

x Empirically derived index defined in equation (15)

8 Theoretical constant (= 0,925) in Nusselt eqation, see equation (35)

Br Constant in Nusselt equation for profiled wubes derived from experimental data

ﬂ“r Theoretically derived constant in Nusselt equation for profiled tubes, see
equation (12)

¥ Tube performance ratio defined in section 4

Pressure loss

AT Temperature difference (Tv - 'l‘w) across condensing film

e

T A
*a
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Constants in Dittus-Boelter equation (1) for smooth and profiled tubes respectively.
Note that

0.8 , 0.4
h, =&, Re"" Pr (kD)

r
A Latent heat of condensation of steam

hv Composite term defined by equation (10)
[+ Density of fluid ¥

s Viscosity of fluid

Re = Reynolds Nunber-%l-)

"Pr = Prandtl Number -ﬁ“
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Details of the derivation of the analyses for tube side heat transfer and pressure
drop rates, and of condensing side heat transfer coeffiicient, are given in this appendix.

Tube Side Heat Transfer Analysis

As stated in section 4 the so called "Swirl Flow" model is used. The model assumes
that the fluid flowing within the tube follows exactly the spiral path of the indentations
( the criteria necessary to make the fluid swirl are not considered here). If the indenta-
tions lie at an angle © to the axis of the tube (see Figure 3) of length L, then the actual
swirling path length of the fluid at the wall will be L/cos 6, Because of this increased
path length the swirl velocity at the wall is V/cos O where V is the axial velocity equal

to the rate of fluid flow per unit of cross sectional area.

Fur flow in a smooch tube we have the well known DiLLus-aoelter(s)

wbe side heat transfer coefficient hq

equation for the

0.8 '
h.D (wu)
s's 8 s 0.4
- < S \m Pr A1)

where the empirical constant & has a value 0,023,

By analogy, in the swirl flow case we have

0,8
hD <wo)'
rh h 0.4
m = €3 Jico8 Pr Ao( 2)
or
08
h D W D
rh_ ( h) 0.4
 C e\ P1 A(3)

where subscripts r and s refer to profiled and smooth tubes respectively, Then assuming
that the profiling does not appreciably change the hydraulic diameter and cross sectional
area of the smooth tube, we have

P 1 &
hg (cosb) 878y

But from Figure 3 one can see that the angle © ics related to the helix ratio HR by

-1
cos26 = (l + -—l—§>
H

R
Therefore
h 0.4 €
r 1 r
}T- = (‘ + —-—§> = -s-— A.( 5)
8 s

The derivation can be tested by plotting experimental values of (c ./ ) against the
quantity (1 + !/HR ) on log-log paper when a slope of 0.4 should be obtained.
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«  Swirl Flow Model - Tube Side Pressure Drop Analysis

For flow in a smooth tube we have the pressure drop Al’s given by“)
2
v
- L s
APS = 8 fs ) -'2-§- A.(6)

8

By analogy for swirl flow in the profiled tube we have
2

L eV
AP =C o B s A7)
r f Cos0 Dh 28 (cosB)z
where cf is the coefficient of skin friction and is equivalent to 8 fs in a smooth tube.
Continuing the analogy we have by the Blaslus“s) equation
D -0,25
(&)
fg = 040306\~ A(8)
and hence 0,25
. (ov D,
Cf = 0.3164 Tcoad/ AJ9)
r 2 2
— L L
AP = — = == Au(‘o)
1 cosB"75 Dh 23 r Dh 28
ff‘ 1 ( )
o - ’5—'m A1
fs  (cos)**

provided both smooth and profiled uibes have the same hydraulic diameter and cross

sectional area.

Then. from the relationship between 8 and HR’ we get

f 1.38
—f-‘:=(| +—’-!> A(12)

S "R

Analysis of Condensing Side Coefficient on Vertical Profiled Tubes

As explained in section 4 the analysis is restricted to profiled tubes of types (a),
{b) and (c) where surface tension forces act to arrest drainage in the vertical direction,
These forces effectively divide the total vertical length L of the profiled tube into
short drainage lengths 1 between indentations as shown on Figure 3,

Following Nussel L(s) the average condensing coefficient ho over a length L of vertical
smooth tube with zero film thickness at the top is given by

- ]/
2. 3A1Ys
0.925 Lﬁ-ﬁ’\-"— r&] A.(13)

. CoA /3
. h, = 0,925 Lk 1o

where K represents the contribution of the physical properties of the condensed fiuid,

=
[}
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Or, more conveniently for this analysis, since
Q= ho Ao ATO,

where A’ro is the difference between saturated vapour temperature TV and tube outer surface
temperature Tw, then

1
, %
h, = 0,941 [K ﬂ'F;:J A14)

Now applying this general equation A.(13) to any of the rédqced drainage lengths 1
( see Figure 3) we have

v/
a 3
h¥ - 0,925 ‘:x -j%] Af15)

where a, and q refer to the surface area of, and heat transferred tc, the single drainage
strip of length !, The heat flux (q/ao) in equation A.(16) is emivalent to Q'/Aé where
Q' is the total heat transferred over the entire enhanced tube length L, and A", is the
total surface ares of the tube outer surface minus the aren of the indentations.

Converting h;'w a coefficient h ") based on the whole outer surface area Ao of the enhanced
tube we have

~ AT
h&’(ﬁ) = h! = 0,825 (-E-i-i)b -;%y] /3 A16)

Note, Q' for the enhanced tube cuse will be greater than Q,

Then since Q' = hé Ao A‘ro equation A.(16) becomes

L
. 1 . 1 ‘4
ho = 0.941 (—h > 1)[} TET.O] A1
H - Nb §
' - !
i.00 ho = 0,94 (T-)[:K m.:;:l A.(18)

Eauation A.{ 18) expresses the condensing side coefficient h(‘) for the enhanced tube,
Comparing h 6 and ho’ the smooth tube ceefficient, at the same temperature driving force

conditions ATo. we find
3
o =n () )
X

/
p # - Nb L
i.e, ho = hO H )((H/K—) - b) An( '9)

Equation A.(19) says that the enhanced tube coefficient will exceed the smooth tube
coefficient (under the same temperature driving force condit.ons) by the enhancement factor

EF, where
%
H - Nb L

o
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